Introduction
Theory of mind, a somewhat misleading catch phrase, is used to refer to our everyday ability to attribute mental states to ourselves and others in order to predict and explain behaviour. 1 This ability has become a focus of interest for cognitive scientists, primatologists and philosophers as well as for clinicians dealing with a puzzling mental handicap: autism. 2 Individuals with autism appear to lack the basic ability to construe behaviour in terms of mental states (mentalizing), and have marked difficulty with simple tasks requiring attribution of, for example, a false belief to a story character. 3, 4 There is evidence that autism is associated with abnormal brain development, [5] [6] [7] and this has prompted the idea that there is an innate brain-based mechanism which underlies the normal development of mentalizing. 8 In addition, since some individuals with autism do well on many cognitive tasks, but still have problems in mentalizing, the brain system that is critically involved in the development of mentalizing may be relatively discreet and vulnerable to selective damage. 9 In a previous position emission tomography (PET) scan study with normal volunteers 10 we compared the pattern of brain activity while reading stories involving complex mental states with the pattern of activation in two control tasks: reading non-mental stories and unconnected sentences. Using a subtraction technique, where we compare all three conditions, the brain region most specifically associated with mentalizing story comprehension, over and above more general story comprehension, was in the left medial prefrontal cortex, on the border between Brodmann areas 8 and 9. The same region has been identified by another group using a very different story comprehension mentalizing task.
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Clearly it would be informative to scan people with autism using the same task. It would be meaningless, however, to scan subjects attempting a task they cannot perform; most individuals with autism cannot think about thoughts and feelings in the way these story tasks require. 12 A small minority, however, do pass standard tests of false belief attribution. Some of these individuals, who tend to be older and more verbal than other autistic subjects 13 show remarkable success across an array of tests that involve mentalizing.
14 These individuals often receive the diagnosis of Asperger syndrome. 15 Their continuing social difficulties in everyday life and their THE ability to attribute mental states to others ('theory of mind') pervades normal social interaction and is impaired in autistic individuals. In a previous positron emission tomography scan study of normal volunteers, performing a 'theory of mind' task was associated with activity in left medial prefrontal cortex. We used the same paradigm in five patients with Asperger syndrome, a mild variant of autism with normal intellectual functioning. No task-related activity was found in this region, but normal activity was observed in immediately adjacent areas. This result suggests that a highly circumscribed region of left medial prefrontal cortex is a crucial component of the brain system that underlies the normal understanding of other minds.
tell-tale slips in more naturalistic mentalizing tests 16 might reflect delay in development of this cognitive component, and suggest that different processes underlie mental state attribution in these individuals.
Subjects and Methods
Subjects were five right-handed males, mean age 24 (range 20-27) years. All had been diagnosed with Asperger syndrome on the basis of developmental history and current presentation (marked social abnormality, good language in the presence of verbal and non-verbal communication difficulties, presence of circumscribed special interests, resistance to change). A history of clumsiness was present in four of the patients, but otherwise clinical examination revealed no neurological abnormalities. The mean WAIS Full Scale IQ for the group was 100 (range 87-112), the mean VIQ was 110 (93-125), mean PIQ 92 (83-100). Magnetic resonance imaging scans showed no evidence of gross morphological abnormalities, and all volunteers were free from epilepsy and were not currently taking any medication. The study was approved by the local hospital ethics committee, and permission to administer radioactive substances was obtained from the Advisory Committee on Radioactive Substances (ARSAC) UK.
We used exactly the same story comprehension paradigm as previously used with normal volunteers. 10 Thus there were physical stories (Phys), stories requiring mentalizing (ToM), and unconnected sentences (US). Examples of the stories are provided in table 1. The task design aimed at separating out the task demands for story integration ((ToM + Phys) US) and mental state attribution (ToM -Phys). The three types of text were presented on a computer monitor. Each of the three conditions was administered four times over the 12 scans in an ABC counterbalanced design. During each scan two stories were presented. Subjects were given practice passages before beginning, and were told before each scan which type of passage they would be shown. Subjects were required to read the passage silently and, when ready, to touch the screen. At this point the passage was removed and a question appeared which was to be answered silently.
Since the stories were Swedish, Swedish translations of the story materials were used, validated with 10 normal Swedish subjects. This validation showed results very similar to data from 60 English subjects tested on the original English versions. Scores for the three conditions were 13.5, 12.8, and 12.4 of a maximum of 16, compared with 12.9, 12.8, 12.2 in the English sample. We therefore conclude that the materials were comparable across the languages, as well as being comparable across conditions. Scans were obtained using a CTI model 953B PET scanner (CTI, Knoxville, USA) with colimating septa retracted (FWHM 8 mm transaxial, 4 mm axial). Volunteers received a 20 s bolus of H 2 15 O (55 MBq ml -1 , i.v.; flow rate 10 ml min -1 ) through a forearm cannula. The data were analysed with statistical parametric mapping (SPM95 software from the Wellcome Department of Cognitive Neurology, London) implemented in Matlab (Mathworks, Sherborne, MA). The scans from each subject were realigned using the first as a reference. As a final preprocessing step the image were smoothed using an isotropic Gaussian kernel. The condition, subject and covariate effects (global blood flow) were estimated according to the general linear model at each voxel. To test hypotheses about regionally specific condition effects, the estimates were compared using linear compounds or contrasts. A burglar who has just robbed a shop is making his getaway. As he is running home, a policeman on his beat sees him drop his glove. He doesn't know the man is a burglar, he just wants to tell him he dropped his glove. But when the policeman shouts out to the burglar, "Hey, you! Stop!", the burglar turns round, sees the policeman, and gives himself up. He puts his hands up and admits that he did the break-in at the local shop.
Q: Why did the burglar do this?
Example Physical (Phys) story: A burglar is about to break into a jewellers' shop. He skillfully picks the lock on the shop door. Carefully he crawls under the electronic detector beam. If he breaks this beam it will set off the alarm. Quietly he opens the door of the store-room and sees the gems glittering. As he reaches out, however, he steps on something soft. He hears a screech and something small and furry runs out past him towards the shop door. Immediately the alarm sounds.
Q: Why did the alarm go off?
Example Unlinked sentences (US): The four brothers stood aside to make room for their sister, Stella. Gill repeated the experiment, several times. The name of the airport has changed. Louise uncorked a little bottle of oil. The two children had to abandon their daily walk. She took a suite in a grand hotel. It was already twenty years since the operation.
Q: Did the children take their walk?
Results Table 2 shows times to read and comprehend each passage and scores for the answers to the test questions which were recorded in between scans. A score of 0 was given for answers of 'don't know' or incorrect answers, 1 for partially correct answers, and 2 for fully correct answers.
The average time taken in each condition by the individuals with Asperger syndrome was more variable but not significantly different from the time taken by the normal volunteers. Scores on ToM stories were significantly worse (F(1,9) = 10.8, p < 0.01). Importantly, there were no significant differences in the scores for the other conditions. The Phys stories tended to be slightly more difficult than the ToM stories, and the patient group had slightly better scores for the unlinked sentences.
Brain regions activated in volunteers with Asperger Syndrome comparing theory of mind task with the control tasks are shown in table 3. With one exception, the same areas were significantly activated in the Asperger subjects as in the normal volunteers. The coordinates show the position for the peak activation. Differences in activation between conditions were significantly smaller in the Asperger group when compared directly with the control group. All activations were in the same location, however, taking into account the spatial resolution of PET. Mean ± s.d.; maximum possible = 6. Column 1 shows the average time taken to read a passage; column 3 shows the total scores obtained for answers to questions about the passages. Scores for each answer were between 0 and 2. There was no increase in activity while reading ToM stories in the area of peak activity in the normal volunteers and this difference between groups was significant. There was, however, an increase in a more inferior region of medial prefrontal cortex (coordinates; -10, 44, 16; Z=2.38).
Theory of mind and brain
The notable exception to the above concerns the medial prefrontal cortex. The area activated in the control group (area 8: xyz = -10,40,36) was not activated in the patients with Asperger, and this difference between groups was significant (z = 2.12, p < 0.02). The Asperger patients did, however, show activation of an adjacent, but more ventral area of medial prefrontal cortex, area 9/10. Figure 1 illustrates the pattern of activation in Asperger syndrome volunteers comparing ToM and Phys conditions. For comparison the portion of area 8/9 which showed peak activation during ToM for normal controls is highlighted in red.
Discussion
The purpose of this study was to examine brain activity in relation to specific cognitive processes associated with theory of mind. We do not have a large enough sample to examine the more general abnormalities of brain structure or function found in autism in previous studies. 6 Performance on the tasks used during scanning was at a similar level for the clinical and the normal control group. The exception was the poorer performance on ToM stories among patients with Asperger syndrome, a result which is expected from the theory of mind deficit hypothesis of autism. Nevertheless it should be noted that all Asperger subjects succeeded in correctly answering most of the test questions of the mentalizing stories and read these stories faster than the physical stories.
The comparison of story reading and unlinked sentences highlights areas involved in story integration and in the drawing of inferences. In our previous study 10 the major difference between story and nonstory conditions involved the temporal poles bilaterally and the left superior temporal gyrus. These same areas were also activated in the Asperger volunteers, but for this group the difference between stories and sentences was significantly less pronounced in all regions. This suggests that subjects with Asperger syndrome process meaningful connected narrative and meaningless jumbled sentences in a more similar way than do controls.
Interestingly, our Asperger subjects were at least as good as previously scanned controls with unlinked sentences, but performed slightly worse on both story conditions. These findings fit a current theory suggesting that autism is characterized by a cognitive style of weak central coherence, a failure to integrate information in context to extract higher level meaning or gist. 18 Piecemeal processing of stories, as of unlinked sentences, would be predicted by this account.
The most important comparison, between mentalizing (ToM) and non-mentalizing (Phys) stories, indicated a critical difference between the clinical and normal groups: the Asperger group did not show activation of the medial part of left prefrontal area 8/9 during ToM stories. A direct comparison of the groups (the group by condition interaction) confirmed that there was a significant difference in this region. These patients showed significant activation of a neighbouring area of left medial prefrontal cortex, Brodmann's area 9/10, when processing ToM stories, however. Controls also showed activation in this area, but to a far lesser extent than area 8/9. This partial overlap between the results from the two groups suggests that the Asperger subjects' mentalizing performance was subserved by a brain system in which one key component was missing.
One explanation for this abnormal pattern of activation is that the Asperger subjects were using a more general purpose reasoning mechanism in order to infer mental states. Area 9, which covers a large expanse of cortex, has been implicated in a number of brain imaging studies of problem solving and general cognitive ability. 19 The borderline portion of area 9/10, activated in the present study, has not been linked to any specific cognitive function, however.
No macroscopic structural abnormalities of medial prefrontal cortex were present in the magnetic resonance imaging scans of the five Asperger volunteers, suggesting the possibility that the abnormal activation in this critical region resulted from structural damage in another part of an extended system or in microscopic abnormalities in intercellular connections. While frontal lobe dysfunction has been suggested for people with autism and Asperger syndrome, 20 ,21 the present findings suggest the need for more specific task analysis of executive functions and a fractionation of the possible components and brain pathways involved.
Conclusion
This study has provided further evidence for a brain location which may be a key anatomical component of the 'theory of mind' system. It will be important to replicate this result with other appropriate subject groups. Further research will also be necessary to identify the other components of the system and the precise role that each plays. Since the brain areas identified so far are not uniquely human, it should also be possible to specify the precursors and components of 'theory of mind' abilities from studies of these brain regions in animals other than man.
